Summary.-The object of this study was to measure some of the differences between normal squamous epithelial cells and cells from invasive squamous carcinoma of the uterine cervix. A total of 107 patients were studied; only those specimens which when assessed by a histopathologist were thought to show classic normal features or undoubted invasive carcinoma were included in the quantitative analysis. In addition, any specimens which at the electron microscope level, showed faulty sampling or preparation were discarded, leaving us with 16 carcinoma and 15 normal specimens for detailed study.
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The nuclei of tumour cells had a greater area than those of normal cells; histograms of the size distribution of nuclei showed a distinctly different pattern in the 2 groups. Tumour cells had fewer ribosomes in each cubic micron of cytoplasm than had the normal cells and showed a reduction in the amount of intercellular space; in addition, the malignant cells had a smaller surface density and fewer tonofibrils in their cytoplasm. Some tumour cells had a smaller percentage of cell membrane specialized as desmosomes than the corresponding normal cells but all tumour cells had desmosomes of shorter length than normal. Discriminatory analysis, carried out with the help of a computer, allowed all of these variables to be assessed with respect to each other in order to arrive at a numerical score for each specimen. When expressed graphically, these scores showed that the populations of normal and carcinomatous cells fell into 2 separate groups. The significance of these results is discussed.
ISUAL inspection of celular morphology and the interrelationship of cells has formed the time honoured basis of histological diagnosis; because this method is subjective it has given rise to conflicting reports in the literature. For example, it has been reported that desmosomes (Hagenau, Hollmann and Albot-Parturier, 1964 ) and cytoplasmic keratin fibrils (tonofibrils) are increased in keratinizing epithelial tumours (Hinglais-Guillaud, MIoricard and Bernhard, 1961) , whereas Younes (1969) did not notice any change in the arrangements of the cytoplasmic tonofibrils between normal and carcinomatous cells, and McNutt and Weinstein (1969) reported that desmosomes are less frequent in neoplastic cervical epithelium than in the corresponding normal tissue. The chance of treating neoplasms successfully is significantly improved when detection and treatment occur during the early stages (Easson and Russell, 1968) . The early diagnosis of the disease therefore becomes of paramount importance. At this time the histological changes are often minimal and a quantitative analysis may be the only way of detecting such small changes. Indeed, it seems probable that future progress in the elucidation of the neoplastic process will require such an approach. Unfortunately, there is at present poor understanding con-cerning the significance of any particular minor anomaly and the important point to establish is which of very many such changes from normal are associated with cells that are destined to develop the features associated with invasive carcinoma, as distinct from cells destined to be associated with benign abnormalities. Foraker and Reagan (1956) reported the results of quantitative studies which were subsequentlv extended to cover nuclear/cytoplasmic ratios and cell size (Foraker and Denham, 1957; Foraker and Reagan, 1959; Kaplan, 1967 (Weibel and Elias, 1967; Weibel, 1969; Underwood, 1970) , it is now possible to derive numerical data about many cell parameters although such analyses, involving the counting of details on many micrographs, are inevitably slow and tedious. The introduction of automatic methods of image analysis whereby a digital computer is linked to the microscope (Bartels et al., 1972) has greatly extended the potentialities of such techniques.
It has proved possible to apply the Quantimet image analysis computer (originally designed for metallographic studies) to the study of histological changes in cancer cells. The application of this instrument in its early form (the Quantimet B) to the evaluation of changes in cancer cells was reported by Husain and Henderson (1970) . WVe have used the Quantimet 720 extensively in the present study. Our object has been to apply both manual point counting stereological techniques and automated methods of image analysis to measure 7 separate cell parameters in both normal and carcinomatous squamous epithelial cells.
MATERIALS AND METHODS
The human tissues which formed the basis of this project were obtained either by biopsy at examination of patients under anaesthesia or from operative specimens. These patieDts were being investigated or treated for a variety of gynaecological conditions. When the pathology was not neoplastic, as for instance in a fibroid uterus, the tissue so obtained was deemed to be normal for the purposes of this study. No tissues were obtained from symptomless normal patients. As soon as the tissue was removed in the operating theatre it was placed into ice-cold phosphate buffered formaldehyde and part was immediately sliced into small (1 mm) cubes for electron microscopy whilst the remainder was prepared for conventional pathological examination. After transferring the small blocks into fresh fixative, maintained at 4°C, all the tissue was taken to the laboratorv. The total fixation time was 24 hours. Although it was not possible to measure the osmolarity of the fixative as a routine, nevertheless every care was taken to ensure comparability between batches of fixative so as to minimize variation due to this factor. Light microscopy.-Tissue intended for examination by light microscopy was dehydrated by passage through a graded series of alcohols, cleared in toluene and blocked in paraffin wax. Paraffin sections were cut at 4 Hm and stained with haematoxylin and eosin. These sections were assessed by a histopathologist (R.H.C.) to establish the diagnosis and classification using the Broders' grades (Broders, 1921 In the normal tissue, because of differences in morphology between the cells at various stages of maturation, the cells chosen for analysis were selected from the layer immediately superficial to the basement membrane.
Micrographs of the sections were prepared at 3 standard magnifications (x 1400; x 5400; x 11,200) using 35 mm safety positive film and at x 27,000 using Uford EM 4 plates.
The negatives were printed at the same magnification onto positive film; 2 strips each containing 3 positives were mounted in Kodak microfiche jackets to allow easy handling during the subsequent analysis.
MIethods of quantitative analysis 1. Projected nuclear area and nudear area sizing.-Five fields, randomly selected from the wax sections which had been stained with toluidine blue, were drawn onto paper using a Wild drawing attachment. The magnification was adjnsted to be constant at x 10,000. Nuclear outlines were carefully traced with a Rapidograph pen. All recognizable nuclear profiles in each field were included in the drawing and the size of fields selected was such that the sampling errors due to tangential sections of nuclei became insignificant.
The area enclosed by the outline of each nucleus was then measured on the QTM 720 image analvsing computer using the epidiascope attachment fitted with a 25 mm lens; from the total area of the nuclei, measured in arbitrary units, the mean area of a nucleus was calculated and expressed in square micrometres. At the same time, the areas of the individual nuclei were placed in a size distribution histogram by means of the Hewlett Packard 9810 calculator interfaced with the QTM 720.
2. Publication, 4162, 2nd Edn 1969, p. 95) . The principle of discriminant analysis is that a total observation matrix containing m observations of n variables can be made up into K groups, where K < m/2 and where each group contains 2 or more observations. These groups are defined by the user, and subsequently an identification routine can be used to assign a new set of observations to one of these groups, such that the probability of assigning an observation to the wrong group is as small as possible. This analysis thus used all the parameters for each patient to compute a numerical discriminant " score " which, when plotted graphically, allowed direct visual comparison of the relationships between 2 or more groups of patients.
RESULTS

Electron microscopy
Many of the features which we wished to measure can only be studied satisfactorily with the resolution afforded by the electron microscope. Fig. 1 with darkly staining bundles of tonofibrils scattered throughout the peripheral cytoplasm. C!ytoplasmic projections, terminating in darkly staining desmosomes may be seen crossing the electronlucent intercellular space. The bar represents 1 pm.
The ribosomes cannot be identified at thismagnification. Fig. 2 shows a corresponding preparation from a carcinoma of the cervix. Cellular processes appear to be fewer in number than in the normal, and in the majority of instances do not come into contact with the processes from adjacent cells. This lack of cell contact is also associated with an apparent diminution in desmosomal specializations. Visual assessment of the amount of electron-lucent intercellular space suggests no material difference from the normal, an impression not, however, confirmed by measurement (Tables I and II) . The nuclei appear to be larger than normal and their outlines are sometimes more indented. Fig. 3 and 4, taken at higher magnification, show the differences at the sites of cellular contact. In the normal (Fig.  3) , the prominent desmosomes can be seen to be associated with a large number of cytoplasmic tonofibrils converging towards them. These are lacking in the carcinoma (Fig. 4) . Clusters of ribosomes may be seen in both normal and carcinomatous cells though, once again, visual assessment of their relative numbers is misleading when compared with the actual quantities determined by measurement.
(ii) Quantitative data. between the normal and the carcinomatous specimens, though there is a degree of overlap in all cases.
Projected nuclear area appears to give the clearest degree of separation between the populations of normal and carcinomatous cells, although statistical testing of the means (summarized in Table Ill 
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0-01 that all the differences are highly significant, with the exception of those for the desmosomes. From the size-distribution histograms of projected nuclear area, generated bv means of the QTM 720 and the Hewlett Packard Calculator, it proved possible to derive a mean nuclear area distribution for both normal and carcinomatous cells. This diagram (Fig. 6) shows clearly the difference between the 2 populations; the normal histogram has a high peak and very little scatter whereas that for the carcinomatous nuclei has a lower peak displaced to the right (i.e. the nuclei tend to have a greater area) and shows considerable spread. Fig. 5 shows that there are generally fewer ribosomes per cubic micrometre of cytoplasm in malignant cells; again it is noticeable that the spread of values for the normal specimens is less than that for the malignant tissues. Analysis of the amount of intercellular space shows that whilst there is less space in malignant tissue than in normal, there is however less spread of the values found in malignant tissue. The data for both intracytoplasmic tonofibrils and surface density show a similar degree of spread in both populations but those for malignant cells are generally less than for the corresponding normal tissue.
The values obtained for the percentage of cell membrane occupied bv desmosomes are verv variable in the carcinomatous tissue and, indeed, straddle the complete extent of the normal range (Fig. 5) . Superficial examination suggests that there are fewer desmosomes in micrographs of carcinomatous cells, but measurements of their number per unit length (100 cm) of projected cell membrane and calculation of the average length of a desmosome show that no significant difference exists in the number per unit length between normal and abnormal tissue although the average length of the desmosomes in carcinoma appears to be significantly reduced (P -0-01) .
Comparison of the mean values (Table  III) Nodskov-Pedersen (1971) who assessed nuclear size of malignant squamous epithelium of the cervix by planimetry. He found that these nuclei were larger than normal but he could not substantiate the work of previous investigators (Atkin and Richards, 1962; Atkin, 1964) who claimed that the nuclear size was related to the prognosis for the patient. We have been unable to show any correlation between nuclear size and the Broders grading of the tumours, the latter being directly related to prognosis (Broders, 1921) . Conclusions based solely upon a single parameter may be inadequate; this was appreciated bIy McMaster (1968) who concluded that a product should be formed by multiplving together the values of all the parameters from each patient to give a figure, the value of which corresponds with the classification of those particular cervical cells. Such a procedure, however, attaches equal weight to each parameter and this he considered contrary to the practice of cytologists who regard some features, e.g. an aberrant chromatin pattern, as of greater significance than an increase in nuclear size. In order to take this into account he devised " weighting factors" which are integral or halfintegral indices by which each term is multiplied. The values of these indices were found for each parameter by a computer programme which optimized the total produce to give maximum separation between its value for normal and malignant cells. The justification for these " weighting factors " might be questioned; we agree that several parameters must be assessed but we have not required the addition of " weighting factors", in order to obtain a clear division, into two separate populations, of our measurements of normal and carcinomatous tissues.
Our results for nuclear area and ribosomes show very little overlap between the values for the normal and the malignant cells, the number of ribosomes per cubic micrometre of cytoplasm being smaller than normal in the carcinomatous cells whereas the nuclear area is greater in these latter. Statistical tests show that the difference between the means for these values in normal and malignant tissues is highly significant. It is tempting to suggest that the smaller number of ribosomes in the carcinomatous cell reflects a reduction in protein synthesis. This is supported by the finding of a diminution of the volume of cytoplasmic tonofibrils in these malignant cells. Inspection of our data shows that the overlap in values between the normal and abnormal cells is least for our measurements of nuclear area. This observation is in agreement with the work of Meyer-Arendt and Humphries (1972) who assert that the most characteristic abnormality of cancer cells is the pleomorphism of the cell nuclei and the wide variation in their sizes. Our histogram of projected nuclear area (Fig. 6) shows not only the increase in mean size in carcinomatous nuclei but also the much greater spread of their values.
Although our present data suggest that the enlargement of nuclear size may appear to be the most significant single feature, nevertheless quantitative studies of premalignant stages may reveal that in the early stages more consistent changes may be associated with one of the other parameters. In order to assess this we are currently looking at the relative position of cells obtained from clinical material where the diagnosis ranges from dysplasia to carcinoma in situ.
Preliminary studies suggested that there might be a significant decrease in the total number of desmosomal specialization, as reported bv McNutt and Weinstein (1969) . It is of interest that we have found considerable variation in the number per unit length of membrane, the percentage of membrane occupied by desmosomes and in their average length.
Analysis based on the mean values shows no significant differences between normal and abnormal in the number per unit length of membrane but a low statistical significant (P < 0-2 > 0-1) for the percentage of cell membrane occupied by the desmosomes. The average length of desmosomes, however, was significantly different, being shorter in the carcinoma (P = 0-01). The statistical tests were performed on the mean values using a parametric test but, in order to ensure that this was justifiable, a cross check using the non-parametric MannWhitnev U test was used to avoid the assumptions inherent in Student's ' t" test. The level of significance was similar in both analyses, thus justifying our assumption that the data do not come from populations with the same distribution of values.
Our quantitative analysis has revealed that some of the previously accepted fundamental concepts concerning cancer cells (which were based on visual estimations) are not borne out in the material used in this study. Furthermore, we believe our analysis has shed new light on the relative differences between normal and carcinomatous cells, for example, in the quantity of cytoplasmic tonofibrils and in the number of ribosomes. In our view, at the present time no single parameter should be used on its own but a correlation of at least 5 parameters should be employed to allow a reliable separation between normal and cancerous cells. We hope that extension of this work by other quantitative studies now in progress in our laboratory will provide an earlier and more reliable method of detecting changes that can be shown to be precursors of invasive cervical carcinoma.
